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Quality Improvement of Ultrathin Gate
Oxide by Using Thermal Growth
Followed by SF ANO Technique

Yi-Lin Yang and Jenn-Gwo Hwu, Senior Member, IEEE

Abstract—Rapid thermal oxide followed by anodization in direct
current superimposed with scanning frequency alternating current
was demonstrated for the first time to have an improved quality
in ultrathin gate oxides. Compared with the thermal oxide grown
without the scanning-frequency anodization (SF ANO) treatment,
the gate leakage current density ( ) of SF ANO sample is signif-
icantly reduced without increasing the thickness of gate oxide. In
addition, it could be observed that the interface trap density ( it)
is reduced with tighter distribution. It is suggested that the bulk
traps and interface traps in thermally grown oxide can be repaired
during the SF ANO process.

Index Terms—Metal–oxide–semiconductor (MOS), scanning
frequency anodization (SF ANO), ultrathin gate oxide.

I. INTRODUCTION

S ILICON dioxide (SiO ) has been used as the gate dielec-
tric in metal–oxide–semiconductor field-effect transistors

(MOSFETs) for 40 years because of its excellent stability,
uniformity, and simple fabrication process. The gate oxide
thickness below 2 nm is required as the devices are scaled
[1]. Ultrathin oxide is hard to achieve through a rapid thermal
process (RTP) under conventional high temperature because of
the high oxidation rate. However, as the growth temperature of
thermally grown ultrathin oxides is reduced for better control,
many weak spots and pinholes are generated, and result in
unreliable properties [2], [3]. It is believed that the defects in
the oxide will enhance the gate leakage current significantly,
which in turn degrade the device performance and cause device
failure eventually [4], [5]. The oxide reliability now becomes
a serious issue [6], [7]. A new method called thermal growth
followed by scanning frequency anodization (SF ANO), char-
acterized by changing the frequency during the anodization
process is proposed in this work to prepare ultrathin gate oxide.
The experimental results show that the SF ANO samples have
reduced gate leakage current and interface trap density without
increasing the thickness of gate oxide.

Manuscript received June 29, 2004; revised July 26, 2004. This work was
supported by the National Science Council of China under Contract NSC
93-2215-E-002-016. The review of this letter was arranged by Editor C.-P.
Chang.

Y.-L. Yang is with the Department of Electrical Engineering, Graduate In-
stitute of Electronics Engineering, National Taiwan University, Taipei, Taiwan,
R.O.C.

J.-G. Hwu is with the Department of Electrical Engineering, Graduate
Institute of Electronics Engineering, National Taiwan University, Taipei,
Taiwan, R.O.C. and also with the Department of Electronics/Electrical
Engineering, National United University, Miaoli, Taiwan, R.O.C. (e-mail:
hwu@cc.ee.ntu.edu.tw).

Digital Object Identifier 10.1109/LED.2004.836031

Fig. 1. Schematic diagrams of the experimental setup of anodization and dc
superimposed with ac (DAC) applied voltage.

II. EXPERIMENTAL

The 3-in boron-doped p-type (100) silicon wafers with a re-
sistivity of 1–10 cm were used in this experiment. After stan-
dard RCA cleaning, thermal oxides of 18-, 20-, and 23-Å thick-
nesses were performed on three pieces of wafers in RTP with O
ambient, separately. Subsequently, two samples of each thick-
ness were treated in anodization process for 10 min, as shown in
Fig. 1. A positive dc voltage of 1 V superimposed with an ac os-
cillation of 0.7 V was used in the anodization process. Such low
applied voltage was used to ensure that there was no increasing
of oxide thickness during the anodization process. Deionized
water was used as electrolyte to avoid contamination. Two con-
ditions of ac frequencies, that is, constant-frequency (CF) at 200
Hz and SF from 20 Hz to 200 kHz, were considered as shown
in Fig. 1 in the anodization process. These two samples were
denoted as RTO+CF ANO and RTO+SF ANO, respectively.
Another sample without anodization treatment was denoted as
RTO. Post oxidation annealing was carried out to all samples in
100 torr N at 850 C for 15 s. After Al film deposition, the MOS
capacitors of size 150 150 m were formed by conventional
photolithography. The back oxide was removed with buffered
HF solution, and Al was formed as the back contact. The capac-
itance–voltage (C–V) curves were measured with an HP4280
precision LCR meter and the current–voltage (J–V) curves with
an HP-4140.

0741-3106/04$20.00 © 2004 IEEE



688 IEEE ELECTRON DEVICE LETTERS, VOL. 25, NO. 10, OCTOBER 2004

Fig. 2. Cumulative distributions of gate capacitance for RTO+SF ANO,
RTO+CF ANO, and RTO samples. The inset shows the C–V curves measured
at 100 K, 1 MHz and after two-frequency extraction for a RTO+SF ANO
sample.

III. RESULT AND DISCUSSION

The extracted capacitance was obtained from the two-
frequency correction method [8] as shown in the inset of Fig. 2,
and the oxide thickness could be fitted from the extracted
capacitance under the consideration of quantum mechanical ef-
fect [8]. Cumulative distributions of extracted gate capacitance

at V for samples are plotted in Fig. 2. It
is observed that the oxide thickness does not increase after the
anodization process because of the sufficiently low anodization
voltage, and oxide grew only over the weak spots during the
anodization process [9]. The capacitance could not be measured
precisely for the thinner oxide (i.e., less than 18 Å) because of
the large gate leakage current; however, it is believed that there
will not be a significant increase in oxide thickness after the
anodization process.

The J–V characteristics of the samples are shown in Fig. 3(a),
and the cumulative distributions of gate current density at

V for all samples with two different oxide thicknesses are
plotted in Fig. 3(b). It is observed that is reduced after the
anodization treatment as the weak spots and traps in gate ox-
ides are repaired and modified during the anodization process.
At the moment of voltage switching, the redistribution and re-
selection of OH ions, which are frequency-related, will move
toward the leaky path and repair the defects in the oxides [10].
The OH ions can only passivate the imperfect dangling bonds
in the interface areas related to leaky paths but not interact with
the interface areas protected by perfect bulk oxides in the low
electric field. Comparing the CF and the SF samples, the SF
sample shows a smaller gate leakage current. It is suggested that
the bonding energies of defects in the gate oxide differ from each
other; for example, the trivalent Si atom with oxygen vacancy
in the gate oxide shows its special energy level, and different re-
sponse times are needed to patch the defects with various energy
levels. The various response times are provided by using SF, and
it is proposed that more defects could be repaired and more traps
could be modified. It can also be observed that the improvement
for the thinner oxide is more significant than the thicker one. It
is because the thinner oxide grown in a lower temperature and
in a shorter time results in more defects created. Therefore, the

Fig. 3. (a) J–V curves at negative gate bias for typical samples with 18- and
20-Å gate oxide thickness. (b) Cumulative distributions of gate current density
at V � 1 V gate bias for RTO+SF ANO, RTO+CF ANO, and RTO samples
with two oxide thicknesses.

effect of anodization reparation in the thinner oxide is more ap-
parent than in the thicker oxide, and the SF ANO is more effec-
tive than the CF.

The 10 K and 100 KHz C–V curves are used to evaluate inter-
face trap density in this work [11]. The electrons that could be
caught and held by the interface traps at low frequency performed
an interface trap-induced capacitance ( ) near flatband voltage,
and interface trap density ( ) could be obtained. A hump could
be observed near the flat band voltage . The higher hump
means more interface traps exist in the oxide/Si-substrate inter-
face. By examining the C–V curves in the depletion region, one
can find that RTO+SF ANO sample shows the least interface trap
density in the three samples, and the RTO+CF ANO sample also
shows less than the RTO sample. The comparison of with
23-Å oxide thickness samples is illustrated in Fig. 4. The sample
RTO+SF ANO shows not only the smallest but also the best
uniformity in all samples. Sample RTO+CF ANO also shows
a slight improvement in interface trap density than the RTO
sample. It is possible that during the anodization process, OH ,
which is divided from H O by the electrical field, is attracted into
the interface. As the ac signal changes with frequency, OH is
caught by silicon–dangling bond and combined with it during
the positive cycle, and relaxed during the negative cycle. OH
can passivate more interface traps as the electric field changes up
and down. The interface trap densities were reduced due to the
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Fig. 4. Comparison of interface trap-induced capacitance (C ) and interface
trap density (D ) for RTO+SF ANO, RTO+CF ANO, and RTO samples. The
inset shows the C–V curves measured at 10 KHz for three typical samples with
a T of 23 Å.

passivation of silicon-dangling bond [11] during the repeated
ac signal. In addition, the interface traps may distribute with
energy level, and different response times should be considered.
Moreover, different frequencies responded to the different ener-
gies of interface traps. More interface traps could be passivated
if more frequencies are used during the anodization process. It
is suggested that the SF technique could reduce the interface
trap density more efficiently than the CF technique.

IV. CONCLUSION

In this letter, thermal growth followed by the SF ANO tech-
nique was proposed for the first time to improve the quality of
ultrathin gate oxide. The gate leakage current density decreases
without significant increase in the oxide thickness after the an-
odization process. In addition, the interface trap densities are

reduced and uniformed apparently because of the possible pas-
sivation of interfacial dangling bonds. The SF ANO technique
demonstrates great potential for improving the quality of the ex-
isting ultrathin gate oxides.
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